Effects of an agropastoral system on the production of soybean and wheat were investigated by comparing, from 2003 to 2007, agropastoral plots that had been converted from 7-year pasture (guinea grass: Panicum maximum; 1996 to 2003) to crop cultivation, with control plots that had been continuously cropped over 10 years with soybean at the Japan International Cooperation Agency's Paraguay Agricultural Technology Center (CETAPAR-JICA). Soybean productivity in this area increased from 1979 until 1993, when yield peaked at 3.39 t/ha and then declined. In this study, soybean yields ranged from 1.48 to 3.56 t/ha in agropastoral plots and from 0.63 to 2.47 t/ha in control plots. In each year, the yield in the agropastoral plots was 1.1 to 2.4 times more than in the control plots. Wheat yields were also higher in agropastoral plots (1.59 to 3.17 t/ha) than in control plots (1.18 to 2.31 t/ha). In each year, yield in the agropastoral plots was 1.2 to 1.8 times more than in the control plots. Thus, soybean and wheat yields were sustained by introducing an agropastoral system. We also examined the chemical and physical properties of the soil under initial conditions in both plot types. The concentrations of phosphate, potassium and magnesium in surface soil in agropastoral plots were significantly lower than in control plots. The content of organic matter at soil depths of 0 to 60 cm in the agropastoral plots was significantly higher than in the control plots, and the physical properties of the agropastoral plot soil (gaseous phase, bulk density, and soil aggregates) were improved. We conclude that the agropastoral system positively affected all these properties.
Introduction
The tropical savannas of South America are among the most important potential areas in the world for expansion of agricultural production. Tropical savanna covers approximately 250 million ha 15 in South America, with large areas opened up over the last 40 years. For example, the Brazilian savanna has 12-14 million ha of grain crops 6 and over 50 million ha of newly introduced pasture areas 9 . There will be increasing pressure to bring more land into agricultural production as the world population and food demands continue to grow 15 . However, croplands under continuous cropping might degrade due to soil loss, soil compaction, loss of organic matter, and increases in pests, diseases and weeds. Pastures also tend to degrade from a lack of maintenance fertilization and poor grazing management 8 . To solve these problems, Kerridge 6 suggested integrated agropastoral systems with no-tillage as a sustainable production method. Most studies on agropastoral systems have focused on the renovation of degraded pastures by cultivating grain crops on them 4, 7, [9] [10] [11] [12] 16 . However, few studies have investigated the recovery of crop productivity by introducing an agropastoral system. In Paraguay, soybean-producing areas have expanded since the 1970s. However, even under no-tillage and extensive farming conditions, decreased productivity after continuous soybean cropping has become a serious problem. Therefore, we set up long-term experimental fields to examine the effects of an agropastoral system (conversion to crop production after 7 years of pasture) on sustainable soybean production at the Japan International Cooperation Agency's Paraguay Agricultural Technology Center (CETAPAR-JICA) from 2003 until 2007. In this study, we evaluated the positive effects of the agropastoral system on soybean and wheat production, compared with a continuous double-cropping system.
Materials and methods

Study site
CETAPAR-JICA is located in Colonia Yguazu (a Japanese settlement, 35°27'S, 55°04'W) in Alto Parana Prefecture, the main soybean cultivation area of Paraguay 13 . Soil in this area is fertile and is known as "Terras Roxas" in 
Experimental design
Part of a field at CETAPAR-JICA, where soybean and wheat had been continuously cropped in a no-tillage system since 1993, was converted to guinea grass (Panicum maximum cv. Tanzania) pasture in 1996. Established as a permanent pasture, it was maintained without fertilizer, cutting, or renovation for 7 years after establishment, and was used as a complementary pasture. In October 2003, the pasture was converted into an agropastoral site (Fig.  2) , where three cropping treatments were implemented: soybean-wheat, soybean-millet, and soybean-radish. The area of each plot was 0.33 ha, and each treatment was replicated in three plots (referred to as agropastoral plots). In another part of the field adjacent to the agropastoral site, where soybean and wheat had been continuously cultivated in a no-tillage system since 1993, the non-converted treatment was replicated in three plots (referred to as control plots). Each plot was 0.68 ha.
Cultivation design and measurement
In each plot, we fertilized and cultivated each crop by no-tillage methods. Table 1 lists the annual fertilization in both types of plots, and Table 2 describes the cropping system of soybean and wheat. We set up five sampling At the end of the growing season, we measured total seed mass of each crop for seed diameters over 3 mm. In addition, soybean and wheat yields were measured in each control plot and for the whole area of the agropastoral plots at a truck scale. After harvesting, the remaining crops were abandoned and incorporated into the soil as organic matter. Soybean productivity in the Colonia Yguazu area, to which CETAPAR-JICA belongs, was calculated from data of the Yguazu Japanese Agricultural Cooperative Association, which recorded members' land areas and production from 1979 to 2007.
Chemical and physical properties of soils
We collected soil samples in November 2003 as initial data in the agropastoral plots (three soybean and wheat plots) and in control plots. To investigate the chemical properties of the soil, samples from depths of 0-10, 10-20, 20-40, and 40-60 cm were collected independently from nine points per plot, and the concentrations of phosphate, potassium, calcium, and magnesium, as well as the percentage organic matter, were measured. Moreover, soil was sampled from 0-5, 5-10, 10-20, 20-40, and 40-60 cm depths (two points per plot) for measurement of physical properties, three phases of soil, bulk density, and soil aggregates. For concentrations of phosphate, potassium, calcium, and magnesium, we could only analyze samples from 20 cm below the soil surface in the agropastoral plots (three soybean and wheat plots). Soil was sampled using a soil sampler (100 ml, Daiki Rika Kogyo Co., Ltd.). The concentrations of phosphate, potassium, calcium, and magnesium were analyzed using the Mehlich-III method, and the percentage organic matter was analyzed using the Walkley-Black method. Three phases of soils and soil aggregates were measured using a three-phase meter and an aggregate analyzer (Daiki Rika Kogyo Co., Ltd.), respectively. 
Seeding 
Results
Soybean yield in Colonia Yguazu increased after 1979, peaked at 3.39 t/ha in 1993, and then started to fall (Fig. 3) . During the study period, the soybean crop failed between 2004 and 2006 (Fig. 3) because of droughts in three consecutive growing seasons (Fig. 1 Soybean yields on the truck scale in agropastoral plots were 1.48 to 3.56 t/ha, and those of control plots were 0.63 to 2.47 t/ha ( Table 3) . The yield at first harvest in the agropastoral plots was only 1.48 t/ha because guinea grass (as a weed) had germinated from seeds in the soil surface and competed with the crop. In each year, the yield in agropastoral plots was more than in control plots on both a truck scale (1.1 to 2.3 times) and quadrat scale (1.2 to 1.9 times).
There were droughts in August 2004 and from May to July 2006; therefore, the wheat harvest was only good in 2005. Wheat yields of agropastoral plots were 1.59 to 3.17 t/ha and those of control plots were 1.18 to 2.31 t/ha (Table 4) . In each year, the yield of agropastoral plots was more than that of control plots on a truck scale (1.2 to 1.8 times) and in quadrat-scale measurements (1.1 to 1.3 times). During the experimental period, the relative yield of soybean and wheat decreased year by year (Fig. 4) . The relative yield of soybean decreased from 2.31 t/ha in the first year to 1.11 t/ha in the fourth year, and that of wheat also decreased from 1.75 to 1.20 t/ha.
The concentrations of phosphate, potassium and mag- Agropastral data at both scale is for soybean and wheat plots (S/W). *: (P<0.05).
nesium in the soil of the agropastoral plots were significantly lower than in the control plots (Table 5 ). In particular, the concentration of phosphate in agropastoral plots was approximately one-fourth of that in the control plots. The concentration of potassium in agropastoral plots was approximately one-third to one-half, and the concentration of magnesium was approximately two-thirds of that in control plots. However, the concentration of calcium did not differ between the plot types. The percentage of organic matter at each depth measured in the soil of the agropastoral plots was significantly higher than in control plots (Table 5) . Moreover, the soil organic matter decreased at deeper sampling layers. The percentage of organic matter in the soil of the agropastoral plots was 11.1 to 12.1% higher than that of control plots.
In soil samples from deeper than 10 cm, the gaseous phase percentage in the agropastoral plots was significantly higher than in control plots (Table 6 ), but was lower at the soil surface (0-10 cm depth). The bulk density of samples from the soil surface of agropastoral plots was higher than that of control plots, and the bulk density of soil samples from deeper than 20 cm was lower than in control plots (Table 7 ). In addition, the percentage of large aggregates in the soil of the agropastoral plots was 3 to 7% higher than in control plots at each depth (Table 7) .
Discussion
Soybean yield in the Colonia Yguazu area, which had been increasing since 1979, peaked at 3.39 t/ha in 1993 and has since declined. Seki 13 also reported that soybean yield in Colonia Yguazu increased to over 3.0 t/ha after the introduction of a no-tillage cultivation system in 1983, but Table 5 . Concentrations of phosphate, potassium, magnesium and calcium, and percentage of organic matter in soil samples Agropastoral is soybean and wheat teratment (S/W plots in Fig. 1 ). **: (P<0.01), ***: (P<0.001). Soybean, Wheat.
the yield increase stopped in the early 1990s. Until now, the downward trend has not stopped and has become a big problem.
The crop failure of soybean corresponded with drought periods. Soybean yields on a truck scale of the agropastoral plots were 1.45 to 2.35 times more than those in control plots. Thus, drought caused much damage to soybean production, which particularly requires adequate precipitation for growth between October and February. However, the drought also highlighted the positive effects of the agropastoral system on soybean production. Seki 14 reported that a large difference in phosphate concentration between the soil surface and deep layers inhibits the deep penetration of soybean roots. Furthermore, Seki 14 and Kawasaki et al. 5 noted that the accumulation of soybean roots in the soil surface layer tended to inhibit growth during droughts. Our results also show that phosphate, potassium and magnesium accumulations in the soil surface were decreased by introducing an agropastoral system. This probably accounted for the increased yield of soybean in the agropastoral plots.
The percentage organic matter at each depth measured in the soil of the agropastoral plots was significantly higher than in control plots. Macedo et al. 10 found that the percentage organic matter in the soil surface layer (0-20 cm depth) increased over 8 years after introduction of an agropastoral system. Miranda et al. 11 also reported that total organic residues in the soil of a continuous cultivation system (collected from a depth of 0 to 40 cm) was lower than that of an agropastoral system. The agropastoral system appears to be effective in accumulating organic matter through litter supply and extension of guinea grass roots.
At the soil surface (0-10 cm depth) in agropastoral plots, the percentage gaseous phase was lower and the soil bulk density was higher. Soil compaction of surface layers inhibits soybean production 1 . However, since soil sampling was carried out immediately after killing the guinea grass with herbicides, soil compaction at the surface disappeared rapidly with the decomposition of the guinea grass roots.
Since the percentage gaseous phase of soil in agropastoral plots was higher in the soil layer at 10 to 60 cm, the soil compaction in this no-tillage cultivation was reduced. In addition, the percentage of large aggregates in soil in the agropastoral plots was higher than in control plots at each depth. The higher percentage of large aggregates may promote inflow of air to the soil, promoting nitrogen fixation in soybean 1 . Therefore, it appears that improvements in the physical properties of the soil contributed to recovery of soybean productivity. Hence, we conclude that the introduction of an agropastoral system was effective for recovery of soybean productivity.
However, in the last harvest, the yield of agropastoral plots was only 1.11 times that of control plots on a truck scale. Although the yield fluctuation was large during the experimental period, the positive effects of the agropastoral system on soybean production were obvious (Fig. 4) . The positive effects on soil condition after introducing an agropastoral system may disappear after 4 years of cultivation (Shimoda et al. unpublished data), therefore, further studies are needed to evaluate the effects of agropastoral systems on soybean yield and soil chemical and physical properties. The positive effect of the agropastoral system on wheat yield was probably caused by the same factors (improvements in soil chemical and physical properties) as in soybean because the relative yield trend of wheat was similar to that of soybean. 
